The obligate intracellular parasite Toxoplasma gondii can actively infect any nucleated cell type, including cells from the immune system. In the present study, we observed that a large number of natural killer (NK) cells were infected by T. gondii early after intraperitoneal inoculation of parasites into C57BL/6 mice. Interestingly, one mechanism of NK cell infection involved NK cell-mediated targeting of infected dendritic cells (DC). Perforin-dependent killing of infected DC led to active egress of infectious parasites that rapidly infected adjacent effector NK cells. Infected NK cells were not efficiently targeted by other NK cells. These results suggest that rapid transfer of T. gondii from infected DC to effector NK cells may contribute to the parasite's sequestration and shielding from immune recognition shortly after infection.
Toxoplasma gondii causes chronic infections in up to onethird of the human population and in animals (22, 31) . In healthy individuals, primary T. gondii infection causes relatively mild symptoms, whereas in the immunocompromised patient or in the developing fetus, life-threatening manifestations lead to severe neurological and ocular damage (11, 28, 37) . Following oral infection, T. gondii parasites typically pass across restrictive biological barriers and rapidly disseminate (13) . In this process, T. gondii actively infects a great variety of cell types, including epithelial cells and blood leukocytes (12, 21) . In infected cells, the parasites establish nonfusigenic parasitophorous vacuoles, where they can replicate (27, 32, 38) .
Natural killer (NK) cells and dendritic cells (DC) are two important cell types of the innate immune system. DC-NK cell interactions are important not only in host defense but also for the development of adaptive immune responses (5, 9) . The activation of DC by pathogens leads to cytokine secretion, which activates NK cells, which in turn, via cytokines or by direct cell-cell contact, may determine the adaptive immune responses that follow (9, 29) . DC are sensitive to NK cellmediated lysis in vitro and can be eliminated by NK cells in vivo (4, 6, 17, 19, 33, 43) . Viral or bacterial infection of DC can reduce their sensitivity to NK cell-mediated lysis by increasing the expression of classical and nonclassical major histocompatibility complex class I molecules on the cell surface (14, 35, 43) .
DC and NK cells play critical roles in innate immunity during acute Toxoplasma infection, being early sources of interleukin-12 (IL-12) and gamma interferon (IFN-␥), respectively (16, 20, 24, 34, 40) . It has recently been suggested that infected DC, and possibly other leukocytes, can act as Trojan horses, potentiating the dissemination of the parasite from the point of infection to distal parts (8, 26) . In the early phase of infection with T. gondii, NK cell recruitment to the site of infection is mediated by CCR5-binding chemokines (24) . IFN-␥ production by NK cells, induced by IL-12 from infected DC or macrophages, has been suggested to be the primary contribution of NK cells to the host defense against T. gondii (18, 25, 39) . It can also drive cytotoxic CD8 ϩ T-cell immunity to T. gondii even in the absence of CD4 ϩ T cells (7) . NK cells can also kill T. gondii-infected target cells (42) , and perforin has been demonstrated to be important in protecting mice in the chronic stage of infection (10) . In the present study, we investigated NK cell interactions with T. gondii-infected DC and, surprisingly, demonstrated how this interaction leads to T. gondii infection of NK cells.
tained by serial 2-day passage in human foreskin fibroblast monolayers. Human foreskin fibroblasts were propagated in Dulbecco's modified Eagle's medium (Invitrogen, Paisley, United Kingdom) with 10% fetal calf serum (BioWhittaker, Verviers, Belgium), 20 g/ml gentamicin, 2 mM glutamine, and 0.01 M HEPES (Invitrogen).
For infection of DC or NK cells in vitro, cells were harvested and incubated with freshly egressed GFP-expressing T. gondii tachyzoites at the indicated multiplicities of infection (MOI) for 16 to 24 h unless stated otherwise. Infection rates were assessed by flow cytometry by counting GFP ϩ cells. To inhibit parasite replication, 50 M pyrimethamine (Sigma-Aldrich, Steinheim, Germany) was added to the cultures of GFP-expressing T. gondii tachyzoites and DC for the 16 to 24 h (30). Replication of parasites was assessed by flow cytometry and epifluorescence microscopy. Heat-killed parasites was generated as previously described (26) .
Preparation of bone marrow-derived DC. Bone marrow-derived DC were generated as described previously (19) . Briefly, bone marrow-derived cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) containing 10 ng/ml recombinant granulocyte-macrophage colony-stimulating factor (Biosource, Brussels, Belgium). The cells were harvested after 6 days and replated overnight. DC were further purified with anti-CD11c MAb-coated beads (Militeny Biotec, Bergisch Gladbach, Germany).
NK cell preparation. DX5 ϩ cells from spleens of B6, B6.RAG1 Ϫ/Ϫ , and B6.pfp Ϫ/Ϫ mice were purified by using the MACS separation system (Miltenyi Biotech) according to the manufacturer's guidelines. Purified cells were resuspended in complete ␣MEM medium (10 mM HEPES, 2 ϫ 10 Ϫ5 M 2-mercaptoethanol, 10% fetal calf serum, 100 U/ml penicillin, 100 U/ml streptomycin) and cultured in 1,000 U recombinant IL-2 (Biosource)/ml for 6 days.
Cytotoxicity assays. Target cells (DC or NK cells) were incubated for 1 h in the presence of 51 Cr (Amersham, Oxford, United Kingdom) and then washed thoroughly in phosphate-buffered saline (PBS). After 4 h of effector and target cell coincubation, cell culture supernatants were taken from these wells and analyzed by using a gamma radiation counter (Wallac Oy, Turku, Finland). Specific lysis was calculated according to the following formula: % specific lysis ϭ [(experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release)] ϫ 100. 
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prior to incubation with NK cells. For flow cytometry, cells were labeled with anti-NK1.1 and anti-CD11c MAbs. Dead cells were gated away by using propidium iodide.
Ex vivo microscopy of infected lymphocytes. For visualization of in vivo Toxoplasma-infected NK and T cells, DX5
ϩ NK cells and CD3 ϩ T cells were sorted from the peritoneal cavity with the MACS separation system and then seeded on glass coverslips coated with poly-L-lysine (Sigma-Aldrich). After 30 min at 37°C, the cells were washed once with BRB80 buffer [80 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES), pH 6.9; 1 mM MgCl 2 ; 1 mM EGTA] and then fixed with 0.3% glutaraldehyde (TAAB Laboratories, Berkshire, United Kingdom) in BRB80 for 10 min at room temperature. Next, the cells were permeabilized with 0.1% Triton X-100 in PBS (PBST; Sigma, Steinheim, Germany) for 5 min at room temperature. Following a brief wash with PBS, pH 7.4, the coverslips were treated with 1 mg/ml sodium borohydride (Merck, Hohenbrunn, Germany) in PBS three times for 5 min each. The coverslips were then washed twice with PBST and incubated with phalloidin-Alexa 594 (Invitrogen, Carlsbad, CA) in PBST. Twenty minutes later, the coverslips were mounted with Vector Shield with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA). Images were taken with a Leica DMRB microscope equipped with a Qimaging Q20780 camera and processed with OpenLab software.
Real-time confocal microscopy. Consequences of NK cell interaction with infected DC were visualized with a spinning-disk confocal setup (Ultraview LCI-3 Tandem Scanning Unit; Perkin-Elmer, United Kingdom) on an Axiovert 200 M (Carl Zeiss, Germany) connected to a charge-coupled device camera (OrcaER; Hamamatsu, Japan). Cells were placed in a minichamber system (POCmini; LaCon, Germany) with a heating stage. Image acquisition and analysis of motility were performed with Openlab software (version 4.0.2) and Volocity software (Improvision Inc., United States).
Statistical analysis. Statistical analyses were performed with Prism Graph Version 4 (GraphPad Software Inc., La Jolla, CA).
RESULTS

Infection of NK cells in mice inoculated i.p. with T. gondii.
Freshly egressed type I GFP ϩ RH-LDM T. gondii tachyzoites were injected into the peritoneal cavities of B6 mice. After 48 h, approximately 30% of the CD11b ϩ myeloid cells were infected (data not shown and reference 26) . Surprisingly, when gating on the lymphocyte population, a significant number of NK cells were also infected with GFP ϩ T. gondii tachyzoites. Among the total lymphocytes, the relative number of NK cells infected was significantly greater than that of infected T cells (Fig. 1A and Table 1 ). Interestingly, similar results were obtained when GFP ϩ RH-LDM T. gondii tachyzoite-infected DC were injected into the peritoneal cavities of B6 mice (Fig. 1B and Table 1 ). Results were similar with type II GFP ϩ PTG/ ME49 T. gondii tachyzoites, both when inoculated as free parasites and in DC (Table 1) . Ex vivo examination of the infected NK cells showed proliferating intracellular tachyzoites (Fig.  1C) . Some NK cells had multiple vacuoles with replicating parasites (Fig. 1D ). These data demonstrate that not only can myeloid cells, including macrophages and DC, become infected but also lymphocytes, including NK cells, following i.p. injection of T. gondii tachyzoites in B6 mice. During the 72-h period that we examined, the number of T cells in the peritoneal cavity remained relatively constant, whereas the number of NK cells increased, as previously observed by Khan et al. for NK cell recruitment into the spleen and liver (24) .
Lysis of infected DC by NK cells in vitro leads to active infection of NK cells. Since NK cells became infected in mice inoculated with T. gondii-infected DC, we investigated whether NK cell-mediated lysis of DC could facilitate the transmission of parasites from DC to NK cells. Although T. gondii tachyzoites could stimulate DC maturation (data not shown and reference 26), T. gondii-infected DC were more sensitive to NK cell-mediated lysis than were uninfected DC in vitro ( Fig. 2A to C) . NK cell-mediated lysis of DC in vitro is dependent on perforin (6) . Accordingly, lysis of uninfected and infected DC was completely abolished when NK cells derived from B6.pfp Ϫ/Ϫ mice were used ( Fig. 2A) . We next determined if lysis of infected DC was related to parasite replication. Inhibition of tachyzoite replication was performed by pretreatment of DC and freshly egressed tachyzoites with pyrimethamine that was maintained throughout the experiment (30) . Infected DC were still hypersensitive to NK cell-mediated lysis (Fig. 2B) . DC incubated overnight with heat-killed tachyzoites did not exhibit enhanced killing by NK cells (Fig.  2B) . Although T. gondii-infected DC were sensitive to NK cell killing, T. gondii-infected NK cells were resistant to NK cellmediated killing under similar conditions (Fig. 2C) .
Since NK cells were preferentially infected in vitro and in vivo compared to T cells (Fig. 1A and 3A) , and since NK cells readily lysed infected DC ( Fig. 2A) 
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20% of the wild-type NK cells had become infected, as determined by GFP expression (Fig. 3B, left side) . In contrast, only a small proportion of NK cells from B6.pfp Ϫ/Ϫ mice were infected under similar conditions (Fig. 3B, right side) . Upon treatment with the parasite egress-promoting agent dithiothreitol, a significant increase in the transfer of parasites from DC to NK cells from B6.pfp Ϫ/Ϫ mice was observed. Under these conditions, NK cell infection levels were almost in line with those of NK cells from B6 mice (data not shown). Altogether, these data suggest that perforin-dependent lysis of infected DC by NK cells leads to the egress of tachyzoites that then infect surrounding NK cells.
The transfer of parasites from infected DC to NK cells was further analyzed by live imaging. In the resulting films, motile NK cells physically interacted with infected DC (Fig. 4A to C) . After several minutes of interaction, the NK cells lysed the infected DC ( Fig. 4D and E) , after which the release of GFP ϩ T. gondii tachyzoites was visible (Fig. 4E) , soon followed by the spread of infection to surrounding NK cells ( Fig. 4F ; see videos S1 to S3 in the supplemental material). These data suggest that T. gondii can exit DC upon lysis by NK cells and that egressing parasites can infect the NK cells.
NK cell-mediated lysis of infected DC leads to NK cell infection in vivo. Lysis of DC by NK cells in vitro is mediated primarily through perforin (6) . In contrast, lysis of DC by NK cells in vivo can be mediated by perforin or TRAIL (19) . To test whether the spread of parasites from cell to cell in vivo could be mediated through killing of infected DC by NK cells, GFP ϩ RH-LDM tachyzoite-infected DC were injected into B6.pfp Ϫ/Ϫ mice treated with anti-TRAIL and anti-FAS-L MAbs. Inoculation with T. gondii-infected DC yielded significantly fewer infected NK cells in the B6.pfp Ϫ/Ϫ mice treated with anti-TRAIL and anti-FAS-L MAbs than in untreated B6 mice (Fig. 5A) . Similarly, after inoculation of free parasites i.p., infection of NK cells was also reduced in B6.pfp Ϫ/Ϫ mice treated with anti-TRAIL and anti-FAS-L MAb compared to that in untreated B6 mice (Fig. 5B) . In contrast, similar levels of T-cell infection were observed in B6 and B6.pfp Ϫ/Ϫ mice receiving either infected DC or free parasites (Fig. 5A and B) . In summary, these observations suggest that NK cell-mediated killing of infected cells, such as DC, contributes to parasite infection of NK cells in vivo.
DISCUSSION
NK cells are one important component of the immune system involved in the control of T. gondii infection (16, 20, 24, 40) . In the present study, we demonstrate that T. gondii tachyzoites are rapidly transferred to NK cells during infection. We show here that NK cell-mediated killing of infected DC leads to rapid egress of viable parasites, which can then infect effector NK cells, possibly enabling them to resist immune elimination.
CD4 ϩ and CD8 ϩ T cells are also important in the protection of the host from T. gondii infection (15, 16) . However, we recently reported that T-cell-mediated cytotoxicity triggers rapid egress of parasites from their host cells in vitro and in vivo, an active process mediated by intracellular fluxes of Ca 2ϩ induced by death signals from FAS-L, TRAIL, and perforin (36) . Thus, primed but not naive CD8
ϩ T cells could be infected by T. gondii upon interaction with infected cells (36) . In the present study, we have focused on examining the first 24 to 72 h of infection, a time when the cytotoxic response is dominated by NK cells. This and the previous study raise new questions about the role of cell-mediated immunity in the establishment of acute and chronic Toxoplasma infections. From the pathogen's perspective, its rapid transfer from infected DC into NK cells is intriguing. It may be argued that Additionally, NK cells are likely poorer at stimulating naïve T cells than are DC, since they lack high levels of the necessary costimulatory molecules (3). Therefore, T. gondii parasites may selectively recruit NK cells (24) and be strong activators of NK cells. This activation could lead to NK cell-mediated lysis of infected cells and production of IFN-␥ that could eliminate the majority of the parasites. In the process, though, NK cells could become infected, thus creating a niche for the parasites. Therefore, parasites that have secluded themselves within NK cells could reach distant organs directly upon the migration of NK cells or indirectly upon the lysis of infected NK cells after parasite replication.
In terms of host defense, antibody responses to T. gondii may be more critical than generally appreciated in protecting the host by preventing cell-cell transmission of the parasite. In line with this hypothesis, B-cell-deficient mice survive past the early stage of infection by T. gondii but die 3 to 4 weeks postinfection (23) . Therefore, the development of effective immunizations against the parasite may require the ability to evoke antibodymediated responses to prevent chronic infection, since NK cell and T-cell cytotoxic responses may in fact aid the parasites' survival, dissemination, and persistence. This study demonstrates that T. gondii can use NK cells and potentially other lymphocytes to survive and multiply in the host. This may not be an isolated mechanism of immune evasion used by T. gondii. It has recently been shown that Neospora, a related apicomplexan parasite, also enhances the susceptibility of infected fibroblasts to NK cells (2) and can infect NK cells. However, we still need to determine if other pathogens similarly increase the NK cell sensitivity of targeted cells and, if so, provide an advantage for the persistence of infection. Two distinct possible mechanisms can be hypothesized by which pathogens can evade NK cell-mediated responses. Infections that promote the maturation of DC and NK cell resistance may use this strategy to bypass early elimination and thereby disseminate in the host. Additionally, pathogens that induce NK cell-activating ligands may take advantage of NK cell-mediated killing to continuously infect other cells and further the pathogen's survival. In conclusion, the present data suggest a mechanism by which NK cells paradoxically may promote the dissemination of the parasite T. gondii. 
